INTRODUCTION
The study of energy budgets of fish was pioneered by Ivlev (1939) and grew rapidly after Winberg (1956) published his extensive review of the subject. An energy budget for a given period of time is described by the basic equation (from Ricker 1971): C = F+ U+AB+R where R = Rs+ Ra+Rd C is the total energy content of the food consumed by the fish, F is the energy value of the faeces, U is the energy value of the excretory products, AB is the total change in the energy value of body materials (growth or loss in energy content) and includes any reproductive products released by the fish, R is the total energy of metabolism which is subdivided into three components: R. is the energy equivalent to that released in the course of metabolism in unfed and resting fish (standard metabolism), Ra is the energy required for swimming and other activity, Rd is the energy required for the processes of digestion, movement and deposition of food materials (including specific dynamic action).
The extensive literature on energetics in fish has recently been reviewed by Beamish, Niimi & Lett (1975) . Few workers have published complete energy budgets and have studied the effects of varying body size, temperature and ration size. The chief purpose of the present paper is to provide this information for brown trout and to develop equations to estimate the various components of the energy budget. Previous papers have dealt with various aspects of feeding and growth in brown trout (Elliott 1972 (Elliott , 1975a (Elliott ,b,c,d, 1976a and the information in these papers is used extensively in the construction of the energy budgets. All the methods used in the experiments are described in detail in these previous papers. The methods used in the construction of the energy budgets are described in the appropriate part of the results.
RESULTS
The relationships between the components of the energy budget are summarised in Fig. 1 . All symbols are defined in the introduction except the proportions of the daily energy intake lost in the faeces (PF), lost in the excretory products (Pu), absorbed by the trout (PA) and available for growth and metabolism (Pp). The latter quantity is often called the physiologically useful energy (Winberg 1956 ) or metabolizable energy (Beamish et al. 1975) . Table 1 ). Equations for the estimation of Cma, were easily derived from the product of the mean energy value of Gammarus (4-438 ea! mg-'1) and the equations used Energy losses in the faeces (F cal day-1) and excretory products (U cal day-1) were not measured in the feeding experiments but were estimated from eqns (2) to (5) ( Table 2) . Equations (3) and (5) were developed from a series of detailed experiments on energy losses in the waste products (Elliott 1976b) . As the weights of the trout and their energy content at the beginning and end of each experiment were known (Elliott 1976a ), the total gain or loss in the energy content of each fish could be measured. This quantity was divided by the number of days in the experiment to give the mean change in the energy content of the fish (AB cal day-'). This component was positive in the temperature range Table 2 . Equations used to estimate the components of the energy budget for trout on maximum rations (eqns (3) and ( 3-8-17-8' C and was therefore a measure of growth, but there was little change in the energy content at 19-5' C and a marked decrease in energy content at 21P7' C (Table 1 ). The energy available for metabolism (Rmax cal day-') was found by difference (Rmax = Cmax -F-U-AB). Experiments with different sized fish were performed at five temperatures (Table 1) and when the values of Rmax from these experiments were plotted against the mean weight of the trout (WT g), a linear relationship was obtained on log/log scales ( Fig. 2(a) ). As values of Rmax for trout of initial weight close to 50 g were available for nine temperatures with four trout for each temperature, they were used instead of the intercepts from Fig. 2(a) to examine the relationship between Rma, and temperature (T?C). This was found to be exponential with three temperature ranges of 3 8-17-8' C, 17 8-19 5? C, 19-5-21P7' C ( Fig. 2 (b) ). Therefore the relationship between the three variables Rmax, J7V and T was defined by the multiple regression equation:
which is given in its exponential form in Table 2 (Rmax) can be estimated, the change in the energy content of the fish (AB) can also be estimated from the difference between these two components (equations (6) and (7) in Table 2 ). If CPp is greater than R, AB is a measure of growth, but if CPp is less than R, then AB is the daily loss in the energy content of the trout. The experiments with trout deprived of food (zero rations) were used to estimate the energy required for standard metabolism (R, cal day-1). As the weight and energy content of the trout at the beginning and end of each experiment were known (Elliott 1975d (Elliott , 1976a , the mean daily loss in the energy content of each fish could be measured. Energy losses in the waste products (F+ U) were estimated from equations in Elliott (1976b) and subtracted from the daily loss to give the energy required for metabolism (R). As the fish were not fed and were fairly inactive, the values for R were assumed to be also esti-mates of Rs. The data were analysed in the same way as those for Rmax. There was a logarithmic relationship between Rs and mean weight (W g), and an exponential relationship between Rs and temperature (T? C) with two temperature ranges of 3-8-7.1 C and 7.1-19 5o C (Fig. 3) . Therefore the relationship between R., W and T was defined by an equation similar to eqn (8). This equation is given in its exponential form as eqn (9) in Table 2 together with values of the constants a, b, and b2 for the two temperature ranges. Variance ratios were highly significant (P <0 001) and the proportion of the variance of loge Rs attributable to its regression was over 99%0 for both temperature ranges. Equation (9) was used to estimate Rs for the trout on maximum rations (Table 1) and the difference between R and Rs provided an estimate of the energy required for activity and for the digestion, movement and deposition of food materials (Ra+Rd cal day-'). These two 
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The effect of temperature on the change in the energy content of the fish (AB) was the same as that on mean specific growth rate (Elliott 1975c) with maximum values at 12.80 C and values decreasing with both decreasing temperatures below 12.80 C and increasing temperatures above 12.80 C (Table 1) . When AB is positive and is expressed as a percentage of the daily energy intake, it is a measure of gross efficiency ( same temperature but was markedly affected by temperature. It increased from a low value of 500 at 3.80 C to a maximum value of over 3000 at 9.50 C and then rapidly decreased to 000 at 19.50 C ( Table 3 ). The effects of temperature on the energy required for metabolism (Rmax) and standard metabolism (Re) have already been examined and are illustrated in Figs 2(b) and 3(b). When Rma wa epsed as a percentage of the daily intake, its relationship with temperature was exactly the opposite to that shown by A\B with minimum values at 9 5? C and maximum values at high and low temperatures (Table 3) .
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The proportion of total metabolism required for standard metabolism decreased slightly with increasing body weight at the same temperature from 3.80 C to 17.80 C. As the daily energy intake and swimming activity both increased with increasing temperature from 3-8-C to 17.80 C, it is not surprising that there was a corresponding increase in the energy required for activity and the digestion, movement and deposition of food (Ra + Rd). These two components gradually increased from only 12% of total metabolism at 3.80 C to over 7000 at 17.80 C. The marked change in the relative proportions of R. and Ra+Rd at 19.50 C was probably related to the large decrease in both energy intake and metabolism whilst the energy requirements for standard metabolism remained high. Activity was limited to short bursts of rapid swimming at temperatures above 190 C and the trout were reluctant to feed. Therefore the relationships between the various components of the energy budget ( Fig. 1 ) and the effects of temperature and body weight on these components can now be described in detail. Equations (1) to (10) ( Table 2) can be used to estimate the five major components (C, F, U, AB, R) and the components of metabolism (R8, Ra +Rd) for trout in the weight range 10-300 g, in the temperature range 3.8-19.5' C, and on maximum rations.
Trout on reduced rations
Energy budgets were constructed in the same way as those for trout on maximum rations and are summarized in the Appendix. The major components of the budgets were affected by temperature, the weight of the fish and the daily energy intake. Values for 932 Energetics of brown trout trout of initial weight close to 50 g illustrate the relationships between three of these components (Fig. 4) . The relationship between the change in the energy content of the fish (AB cal day-') and the daily energy intake (C cal day-1) at each temperature was the the same as that between the mean rate of change in live weight and the mean dry weight of the ration (cf. Fig. 4(a) with Fig. 1 in Elliott 1975d). Although both temperature and energy intake also affected the energy of metabolism (R cal day-1), the effects of variations in energy intake were relatively small at 19.50 C and temperatures below 12.80 C (Fig. 4(b) ).
The complex relationships between AB, energy intake and temperature were clarified by plotting AB against temperature at fixed levels of energy intake for trout of initial weight close to 50 g (Fig. 5) . Values of AB at each level of energy intake were read off the curves in Fig. 4(a) and the maximum values of AB were calculated from eqn (6) in Table 2 . The level of energy intake affected the temperature range over which the total energy content of the fish increased (i.e. AB was positive) and there was a progressive decrease in this range from 3.8-16.5o C at 1250 cal day-' to only 3.8-4? C at 250 cal day-'. As the level of energy intake decreased, there was a corresponding decrease in the optimum temperature for the maximum increase in the energy content of the fish, and values ranged from about 16? C at an energy intake of 4000 cal day-to about 4? C at only 250 cal day-l The maintenance energy intake (Cmain cal day-1) is the energy intake that just maintains a trout without any change in the energy content of the fish (AB = 0). Values of Cmain were read off enlarged versions of the curves in Fig. 4(a) and similar curves constructed from the data for other weights of trout (see Appendix). These values were used to construct energy budgets for trout on maintenance rations (Table 4 ). The products of Table 5 ). Previous comparisons have shown that there was good agreement between actual and estimated values of the maintenance ration (Elliott 1975d) , and the same was true for Cm in. Energy losses in the waste products were estimated from eqns (2) to (5), AB was zero and the energy required for maintenance metabolism (Rmain cal day-1) was estimated by difference. The energy required for standard metabolism was estimated from eqn (9) and was always less than the maintenance metabolism (Table 4) its exponential form as eqn (12) in Table 5 together with values of the constants a, b1, b2. Variance ratios were highly significant (P <OOO1) and the proportion of the variance of loge Rmain attributable to its regression was over 9800 for both temperature ranges. Equation (12) was used to estimate R .i for the trout on reduced rations and these values were compared with values for the total energy of metabolism (Table 6 ). In spite of large variations in temperature, body weight and energy intake, the values of R and Rmain were often very similar, especially at temperatures below 12.80 C and at the highest 936 Energetics of brown trout temperature of 19-5' C. The energy of metabolism was never significantly lower than the maintenance metabolism, and significantly higher values occurred when the ratio of energy intake to maximum energy intake was greater than about 090 at 12.80 C, 045 at 15? C and 0 30 at 17-80 C. Therefore, as temperature increased from 12-8 to 17.80 C, the level of the energy intake at which R was significantly higher than Rmajn progressively decreased.
It is clear, however, that the metabolic requirements of trout on a reduced energy intake of less than 90%0 of the maximum intake were remarkably close to maintenance metabolism in the temperature range 3-8-12-80 C. These trout always met their requirements for maintenance metabolism and if these requirements were not fulfilled by the daily energy intake, then the extra energy was obtained from body tissues. Although no general equation was developed to estimate the metabolic requirements of trout on reduced rations, the equations for estimating maintenance metabolism provide close estimates of these requirements for trout on reduced rations at temperatures below about 130 C. (positive AB) to the daily energy intake (C) and is usually expressed as a percentage. The gross efficiency for trout on maximum rations was unaffected by variations in body weight (Table 3 ) and the same was true for trout on reduced rations. Therefore the extensive data for trout of initial weight close to 50 g were used to illustrate the effects of temperature and energy intake on the gross efficiency. Isopleths of gross efficiency were drawn over the curves (from Fig. 5 ) relating AB to temperature at fixed levels of energy intake ( Fig. 6 (a) ). Gross efficiency exceeded 33%0 in a zone within 8-11? C, and then decreased with both increasing and decreasing temperature, energy intake and AB. A comparison was made with isopleths of gross efficiency calculated in terms of wet weight (Fig. 6 (b) from Fig. 8 in Elliott 1975d) . The zone of maximum efficiency and the general pattern of the isopleths were very similar in both units, but the actual levels of efficiency were much higher when measured in terms of energy values rather than wet weight. These differences in gross efficiency were chiefly due to differences in the energy content of the trout and their food, rather than differences in water content: mean values for trout and Gammarus were 75.600 and 76 10% for water content, 5787 cal g'-1 and 4438 cal g-1 (dry weight) for energy content. Therefore, when gross efficiency was maximal, the weight of Gammarus eaten by the trout was about five times the increase in the weight of the fish (KG = 20%), but the energy content of the food was only about three times the increase in the total energy content of the fish (KG = 330O). The optimum energy intake (C0p, cal day-1) is the energy intake which produces the greatest increase in the energy content of the fish for the least energy intake, and is therefore the energy intake at which gross efficiency is maximal. The optimum ration (Dopt mg dry weight, day -1) can be estimated from equations developed in Elliott (1975d), and therefore the products of these equations and the mean energy value of Gammarus provided new equations for estimating C.pt (eqn (13) in Table 5 ). The relationship between the maximum, maintenance and optimum energy intakes for trout of similar weight is illustrated in Fig. 7 . Optimum and maximum energy intakes were not significantly different in the range 3 8-6 8? C, they diverged markedly at temperatures above 6 8? C and then converged to a similar value at 19.50 C. The range between the maintenance and maximum energy intakes defines the 'scope 938 Energetics of brown trout for growth', i.e. the range within which the total energy content of the trout increases. As Cmax and Cmain can be estimated from eqns (1) and (11), the scope for growth can be estimated for trout in the weight range 10-300 g and the temperature range 3-8-19-5' C. The energy intake within the scope for growth can be estimated from the product of the energy value of Gammarus and the equation developed to estimate the mean weight of food eaten in a day (eqn (2) in Elliott 1975d). The new equation (eqn (14) in Table 5 ) describes the relationship between the daily energy intake (C cal day-') and the body weight (W g), water temperature (T? C) and growth rate expressed as a percentage of the maximum growth rate (Pg0 %). Growth rates were expressed in terms of wet weight in the original equation, but the increases in total energy content were used to calculate Pg in eqn (14), i.e. Pg = 100 AB/ABmax where ABmax was calculated from eqn (6), using Cmax and Rmax.
Gross efficiency, optimum energy intake and the scope for growth

Gross efficiency (KG) is the ratio of the increase in the total
The adequacy of eqn (14) for the trout on reduced rations was tested empirically by comparing estimated values of C with actual values obtained in the experiments (Table 7) . There was good agreement between the actual and estimated values in most of the comparisons, and the actual values lay within the estimated 9500 confidence limits. Actual values were higher than the upper estimated limit in only two of the comparisons (W1 = 254-67 g at 15.00 C, W1 = 50 77 g at 17-8' C). In several experiments, the value of Pg was greater than 9500, but the values of C (not included in Table 7 ) were very close to the maximum energy intake estimated from eqn (1). It was therefore concluded that eqn (14) was a good equation for describing the relationship between the daily energy intake and the increase in the total energy content of trout feeding on reduced rations. it was necessary to assume that AB was the same for both actual and estimated energy budgets. There was generally good agreement between the actual and estimated values of the major components of the energy budgets (Table 8) . Differences between the values of the daily energy intake (C cal) for trout feeding on Hydropsyche or mealworms were much smaller than differences between corresponding values for the weight of the ration (D mg). The only marked discrepancies were in the energy butdgets with Baetis as the food organism. Although the actual and estimated values of AB were similar, the values of C, F+ U and R were consistently higher for Baetis in both comparisons. There was therefore 940 Energetics of brown trout a suggestion that Baitis was a less efficient food than Gammarus. As only two comparisons are available, this conclusion can only be regarded as tentative.
Trout feeding on different food organisms
Although no more complete energy budgets were constructed, it was possible to compare the daily energy intakes of trout feeding on different food organisms (Table 9 ). The growth rates of these trout were very similar to rates estimated from equations developed from extensive data for trout feeding on Gammarus (Elliott 1975c ). This similarity between actual and estimated growth rates occurred even when the food was Hydropsyche or mealworms and the weight of the ration was much lower than the corresponding value for Gammarus (cf. values of Dmax in Table 9 ). When the daily food intake was expressed in terms of energy units, there was no corresponding difference between actual and estimated values (cf. values of Cmax). Therefore the daily energy intake was similar in spite of differences in the weight of different food organisms eaten in a day. This similarity suggests that there is a feedback system which regulates the energy intake with different foods. It has already been shown that the proportion of the daily energy intake lost in the waste products (F+ U) is very similar for different food organisms and therefore the proportion available for growth and metabolism remain fairly constant (Elliott 1976b ). Therefore, it is possible to explain why the growth rates were similar even when the weight of the ration was much lower than the expected value. Once again, the comparisons suggest that Baetis was an exception with actual values of Cmax consistently higher than estimated values. Although some food organisms such as Baetis may be possible exceptions, it can generally be concluded from these limited comparisons that the equations developed in the present study are applicable to trout feeding on different food organisms.
DISCUSSION
Although there are no comparable energy budgets for salmonids, different components of the energy budgets of fishes have been studied and this work has been recently reviewed by Beamish et al. (1975) . A detailed comparison of all this work with the present study would not lead to any general conclusions and therefore this discussion is confined to an examination of some of the quantitative aspects.
The metabolic requirements of the trout were estimated indirectly and not by measuring rates of oxygen consumption. Paloheimo & Dickie (1965 , 1966a concluded that the estimation of metabolism from food intake and growth studies is preferable to its estimation from oxygen consumption because the former can be recorded over extended periods whereas the latter is experimentally exacting, necessitates the confinement of the fish in special apparatus and is usually recorded only over short periods of time. Beamish (1964a,b) has shown that the problems in obtaining reliable data on metabolism, especially standard metabolism, can be formidable, particularly because of the complex relationship between metabolism and factors such as oxygen tension and the activity of the fish. There are therefore several good reasons for estimating metabolism indirectly from feeding experiments and one major advantage of this method is that it allows the measurement of the effects of different foods and ration sizes on metabolism and growth.
In their extensive review of the literature on the relationship between metabolism and body weight in fish, Paloheimo & Dickie (1966a) Brown (1946) , the maximum energy intake in one meal (CM cal day-'1) from Elliott (1975a) and the maximum and maintenance energy intakes (estimated from eqns (1) and (11) In her detailed work on growth of brown trout, Brown (1946) determined the maintenance ration for 50 g trout fed on a mixture of minced meat and liver at different temperatures. Assuming that the energy content of the food was 1 56 cal mg 1, her values have been converted into energy units (CB cal day 1) and compared with estimates of the maximum and maintenance energy intakes (Fig. 8(a) ). Brown's estimates of the maintenance energy intake were much higher than those obtained in the present study, but were very close to the energy intake obtained in one satiation meal (CM cal day-1). One possible explanation for this discrepancy between the two estimates of the maintenance energy intake is that the experimental approach was very different in the two studies. Brown measured the maintenance ration directly by adjusting the daily ration until the trout were neither gaining nor losing weight, whereas the values for maintenance in the present study were obtained by interpolation from the curves relating AB to the daily energy intake at each temperature (Fig. 4(a) ).
Winberg ( Krogh (1916) and therefore it is possible to estimate the resting metabolic rate of a trout at any combination of body size and temperature. Winberg assumed that the energy equivalent (Qox) for converting rate of oxygen consumption into energy units was 5 cal ml-' oxygen consumed, that the energy losses in the waste products formed 20% of the energy intake, and that the metabolic rate of a fish in nature is about twice the resting level. Therefore two estimates of the daily energy intake required for metabolism can be made, one based on resting metabolism (W1 cal day-1) and the other based on twice that value (W2 cal day-1). A comparison of these values with estimates of the maintenance and maximum energy intakes shows that W1 lies very close to the maintenance value in the temperature range 3.8-19.50 C (Fig. 8(b) ).
It has already been shown that Winberg's value for Qox is too high for a carnivorous fish that utilizes ammonia as its chief excretory product and a value of 4-63 cal ml-' oxygen consumed is more appropriate (Elliott & Davison 1975 ). This value was applied to Winberg's equation for salmonids and a reanalysis of the original data provided slightly different estimates of the two constants with b = 0-761 and a = 0A491. These new values were used to estimate the energy required for resting metabolism (WR cal day-1). A comparison of WR with estimates of the energy required for standard, maintenance and maximum metabolism shows that WR lies between the standard and maintenance values within most of the temperature range 3-8-19-50 C (Fig. 8(c) ). It has already been shown that Winberg's estimate of energy losses in the waste products is too low for trout and that a mean value of 28% is more appropriate (Elliott 1976b Fig.  8(b) and (d) ). However, it is thought that the assumptions inherent in the new calcula-tions are more realistic than those proposed by Winberg. A comparison of the new values of W1 and W2 with various levels of energy intake shows that W1 is very close to the mainte&nance value in the range 3-8-19-5? C and W2 is fairly close to the optimum energy intake in the range 6-5-16-5' C ( Fig. 8(d) energy losses are used in the calculations, Winberg's basic equation for salmonids provides approximate estimates of the maintenance and optimum energy intakes of brown trout in the temperature ranges 3i8-l9*5? C and 6*5-16*5o C respectively. The equations developed in the present study have been used to construct a figure that illustrates the relative changes in the major components of the energy budget (Fig. 9) .
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Energetics of brown trout Although the energy values are usually shown on logarithmic scales in this study, this presentation can be misleading and therefore these values are also shown on arithmetic scales in the figure. For example, the energy losses in the waste products appear to be fairly constant on a log scale in the range 3.8-17.80 C, but actually increased with increasing temperature in this range. It is almost impossible to assess changes in AB on a log scale but the arithmetic scale shows the usual relationship between growth and temperature with maximum values at 12-13? C.
The 'scope for activity' (i.e. R-Rj) increased markedly with temperature from almost zero at 3.80 C to a maximum at 17 80 C and then decreased to almost zero at 19.50 C (Fig. 9) . The scope for activity also increased with temperature in rainbow trout (Salmo gairdneri Richardson) and was highest at 150 The increase in the scope for activity is obviously due to an increase in both the energy required for activity, including swimming (Rj), and the energy required for the processes of digestion, movement and deposition of food materials, including specific dynamic action (Rd). Unfortunately, these two components could not be estimated separately in the present study, but it was obvious in the feeding experiments that the activity of the trout increased with temperature up to about 190 C and then was limited to short bursts of swimming at temperatures above 190 C. The activity of fish has proved difficult to measure and workers have often disagreed on the appropriate terms in which to discuss activity (see review of Beamish & Dickie 1967). The energetic costs of moderate levels of swimming activity are relatively low (Brett 1964; Brett & Sutherland 1965) , and Warren & Davis (1967) concluded that it is unlikely that swimming activity for feeding accounts for a large part of the total metabolic rate of growing fish. Therefore the increase in the scope for activity in the brown trout was probably due chiefly to an increase in Rd. Energy requirements for absorption, digestion, transportation and deposition of food materials are distinct from those for specific dynamic action but experimentally difficult to separate. Therefore the term 'apparent specific dynamic action' can be used to cover all these energy requirements (Beamish 1974 ) and this term is equivalent to Rd. Very little is known about this component of the energy budget in fish and no information is available in the present study. Some information is urgently needed on the separate energy requirements of activity and apparent specific dynamic action in brown trout.
Finally, it is worth noting that the time taken to complete the work described in this series of papers on feeding and growth in brown trout is equivalent to about twenty-one man-woman years. In spite of this effort, many questions remain unanswered.
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SUMMARY
(1) Energy budgets were calculated for brown trout (live weight 5-281 g) fed on various
